The hierarchy of scales which would allow dimension-six contact interactions to parametrise New Physics may not be verified at colliders. Instead, we explore the feasability and usefulness of parametrising the high-energy tail of distributions at the LHC using form factors. We focus on the process pp → ℓl in the presence of t (or s)-channel New Physics, guess a form factor from the partonic cross-section, and attempt to use data to constrain its coefficients, and the coefficients to constrain models. We find that our choice of form factor decribes t-channel exchange better than a contact interaction, and the coefficients in a particular model can be obtained from the partonic crosssection. We estimate bounds on the coefficients by fitting the form factors to available data. For the parametrisation corresponding to the contact interaction approximation, our expected bounds on the scale Λ are within ∼ 15% of the latest limits from the LHC experiments.
I. INTRODUCTION
Suppose that the LHC does not discover new particles in direct production. It can nonetheless be sensitive to new particles just beyond its kinematic reach, from their effects on the high energy tails of distributions. These effects are usually parametrised by contact interactions, which are local, non-renormalisable operators. For instance, the process pp → ℓ + ℓ − can be sensitive to the four fermion operator
where ℓ = e, µ. With 20 fb −1 of data at 8 TeV in the centre-of-mass frame, LHC experiments have set bounds on some coefficients 4π/Λ 2 of order Λ > ∼ 10 − 17 TeV [1] [2] [3] [4] . Various recent papers [5] have explored what can be learned from contact interaction studies, if the LHC finds no new particles.
Two difficulties arise in attempting to apply currently available contact interaction (CI) bounds to specific New Physics (NP) Models: 1) Experimental limits exist only for a selection of CIs, among the large collection labelled by the chirality, flavour and gauge charge of participating fermions, as well as the Lorentz structure of the interaction. Since the magnitude and sign of the interference with the Standard Model (SM) depends on these labels, it is improbable that an available limit will be applicable to the interactions induced by a particular model.
2)
In the sensitivity range of colliders, it is unlikely that the CI approximation (that p 2 ≪ m 2 for the heavy mediating particle) is satisfied in any but the most strongly coupled of models.
A non-local, or "form factor" parametrisation of the distribution tails might address both points: with a judicious choice of functional form, it may include non-local interactions mediated by propagating particles, and its coefficients may be simply calculated in many models. In this paper, we focus on the process→ ℓ + ℓ − at the LHC, and parametrise the pp → ℓ + ℓ − cross-section as:
where a, b, and c are coefficients to be determined, respectively of mass dimension -2, -4, -2, σ DY is the DrellYann (DY) cross-section for Z/γ exchange[17], andŝ is the invariant mass-squared of the final state leptons. Section II supports the functional form of eq. (2) by studying the partonic cross-section for t-channel exchange of a leptoquark with mass just beyond the reach of the LHC. Then section III argues that for a generic model, a, b and c can be estimated from the partonic cross-section with simple approximations to the parton distribution functions (pdfs). Finally, section IV attempts a least-squares fit of eq. (2) to available data.
Constraints on leptoquarks [6] [7] [8] and contact interactions involving two quarks and two leptons have been widely studied [9] , both from precision and collider data.
It is generically true that colliders have the best sensitivity to flavour-diagonal operators. A parametrisation of contact interactions similar to eq. (2) with c → 0, was proposed in [10] to address the first problem above. Our form-factor generalisation is perhaps an old-fashioned version of "simplified models" [11] .
II. FORM FACTORS VS CONTACT INTERACTIONS
The aim of this section is to justify replacing 4π/Λ 2 as the coefficient of a four-fermion operator, by the non-local coefficient ∼ λ 2 /(m 2 +ŝ). We focus on a particular model, a scalar leptoquark S with interaction λSeP L u c + h.c. [6, 8] , and argue that the partonic cross-section is better approximated by an expansion in s/(ŝ+m 2 ) than inŝ/m 2 . We imagine this could be generalised to any particle exchanged in the t-channel, and will discuss multiple particle exchange in a later publication.
The partonic cross-section for uū → e + e − , mediated by neutral gauge bosons and t-channel S exchange, is:
where the gauge bosons are taken to be the massless
The ratioσ LQ /σ DY is the solid blue line in figure 1 . To obtain the form factor parametrisation, we expand
The first terms in expanding 144πŝ(σ LQ −σ DY ) are:
and are plotted in figure 1. Already two terms give a reasonable fit to the exact result, and are only slightly more complicated than a CI, so we opt for the simple form of eq. (2), despite that in principle, form factors can be the most general functions of the available variables, restricted only by symmetries. Notice that forŝ ≪ m 2 , we could also expand ln(1 + s/m 2 ) ≃ŝ/m 2 −ŝ 2 /2m 4 + ..., which corresponds to parametrising leptoquark exchange by a tower of local operators, including dimension-eight CIs ∝ŝ/m 4 . But this expansion is less useful, because it fails in the regimê s > ∼ m 2 . This is illustrated in figure 1 by the black lines exiting the top and bottom of the plots. The continous black line isσ LQ /σ DY expanded to second order inŝ/m 2 (the CI approximation), and the dashed line includes third order inŝ/m 2 . This poor convergence motivates our interest in form factors, as opposed to CIs. So we are , O(ŝ 3 ) terms of a "form factor" approximation to leptoquark exchange (see eq. (5)). Black solid (exits the upper plot border) is the dimension-six CI approximation, and black dashed (exits lower border) includes the first correction inŝ/m 2 to the CI approximation. The leptoquark has destructive interference (first plot), for illustration, we also plot the same model but with constructive interference.
abandonning the theoretical attractions of the Operator Product Expansion and local Effective Field Theory [12] , because there is insufficient hierarchy betweenŝ and m 2 to justify truncating the expansion in local operators at the lowest orders.
A curious feature of eq. (5) is the O(g 2 λ 2 ) contribution to the O(ŝ 2 ) term, which is usually [13] absent in the CI approximation. This neglect is justified, because the CI limit is m 2 ≫ŝ, and colliders are sensitive to CI with
In the case of form factors, it is convenient to neglect this contribution in our preliminary analytic estimates eqns (10) - (12), but we will see that it should be included.
We now briefly comment on the s-channel exchange of a new particle (or resonance) of mass M , which generates a peak in the partonic cross-section atŝ = M 2 . The rise towards this peak, forŝ ≪ M 2 can be parametrised as a contact interaction (eq. (2) with c → 0). However, the expansion inŝ/(ŝ + M 2 ), which was useful for t-channel exchange, has no advantages in this case. For M 2 <ŝ, it is possible that an s-channel resonance could contribute a shoulder (like t-channel exchange) in the binned pp → ℓ + ℓ − data. However, this depends on pdfs, binning and the particle's properties, so we will discuss in a later publication the prospects of extracting the properties of the resonance from a form factor parametrisation of the cross-section.
III. FROM PARTONS TO FORM FACTORS
This section aims to relate the partonic cross-section σ(qq → ℓ + ℓ − ), mediated by arbitrary New Physics, to the differential cross-section for pp → ℓ + ℓ − :
where f q is the pdf of the quark q, and
√ s e η+ ,
√ s e −η+ are the fractions of the proton's momentum carried by the colliding partons.
Our first approximation is to suppose a single density for sea quarks, and that there are twice as many valence us as ds. Concretely, we take:
The second approximation is to take simple integration limits [0,ŝ] for −t , despite that experiments restrict the angular distribution to be away from the beam-pipe. This should be acceptable if the NP and SM events have the same angular distribution, as is the case for the V ±A four-fermion interactions [18] . These approximations allow to factorise the pp → ℓ + ℓ − cross-section as a pdf integral multiplying an "averaged" partonic cross-section σ =
where, for Drell-Yann, with sin 2 θ W = 1/4:
The expected SM rate includes non-DY processes (dibosons, etc) which amount to 10-20% of the rate in the data to which we will compare [2] . We augment σ DY by ∼ 10% to account for this, which allows to write dσ dŝ in the presence of NP as
(1 +ŝ/m 2 ) 2ŝ (10) where 4π/Λ 2 is the coefficient of the CI induced by the NP, and ǫ int and ǫ N P are constants, predicted by the model and obtainable from the partonic cross-section, which respectively parametrise the SM-NP intereference, and account for the partons involved in the NP interactions. The ǫ int and ǫ N P for leptoquarks are tabulated in [8] ; the leptoquark considered here (see eq. 5) has:
and the interaction (1) has ǫ N P = 1, ǫ int = ∓1/6. These parameters can be translated to the a, b, c which are more convenient for fitting:
We take c, b positive, but a can have either sign, for destructive or constructive interference with the SM.
The approximation of neglecting the O(g 2 2 λ 2ŝ2 ) term (see the end of section II) allows a clear distinction between the model-dependent constants ǫ int , ǫ N P , and the free parameters λ, m which we wish to constrain. In the next section, data will give allowed ellipses in a, b space, for particular values of c = 1/m 2 . A model (one remaining parameter λ) will correspond to a parabola in a, b space, identified by the constants ǫ int and
and the bound on λ (or λ 2 /2m 2 ) will arise at the point where this parabola leaves the allowed ellipse.
IV. ESTIMATED BOUNDS FROM DATA?
The usual way to set bounds on a model, is to fix the parameters to representative values, simulate the expected signal, and compare it to data. Our a, b, c parameters could be constrained in this way, following the recipe given in [10] . Here, we explore instead, naively to fit the difference between data and SM expectation to a function, and constrain that function.
CMS compared 20 fb −1 of pp → ℓ + ℓ − data to the NNLO SM predictions [14] , and in a separate publication [2] , obtained bounds on the CI of eq. (1). We use the CI analysis, and start with the µ + µ − data because it shows a slight preference for NP with destructive interference [19] . The data is binned, which poses a problem in comparing to eq. (2), because the pdfs only cancel in the ratio at the same value ofŝ. We will quantify the resulting uncertainty in a later publication; here we take the uncertainly inŝ to be the bin-width.
From the CMS plots, we read the ratio of data to SM expectation with statistical and systematic uncertainties, for √ŝ > 300 GeV. We perform a least-squares fit (minuit [15] 
of a negative a-term partially cancels the excess events generated by a positive b-term.
To extract bounds on a particular model from this plot, recall that the form factor parametrisation allows to constrain both the coupling and mass of an exchanged particle, rather than the CI combination ∼ λ 2 /m 2 . However, in the interests of performing a linear fit, we fixed the value of the mass and fit to a and b. The recipe to extract a bound is therefore to choose an ellipse labelled by a mass, then identify the parabola which represents the model. The value of b where the parabola leaves the ellipse can be combined with eq. (12) to constrain the CI induced in the model, which for finite m, gives a bound on λ.
The CI of eq. (1) corresponds to the dash-dotted parabola, and the inner ellipse, so the above recipe, applied to the µ + µ − plot, gives Λ des > ∼ 10. Finally, we can estimate bounds on the first generation leptoquark S 0 , interacting with u c e. This model corresponds roughly to the dashed parabola, and bounds can be obtained from ellipses corresponding to the e + e − data (see figure 2) . The current LHC direct production bound on the mass of leptoquarks decaying to electrons is 830 GeV [16] , so it is interesting to study the couplings of leptoquarks with masses of 1,2 and 3 TeV. We obtain Λ des ≥ 21.0 TeV, Λ cons ≥ 20.3 TeV in the contact interaction limit, and |λ R | < ∼ 0.3, 0.5 and 0.75 for m = 1, 2, 3 TeV. Retaining the O(g 2 λ 2ŝ2 ) term of eq. (5) gives λ R < ∼ 0.4 at m = 1 TeV. These bounds are stronger, by factors of few, than those obtained in [7] by simulating leptoquark exchange in MadGraph, and excluding parameters that generate excess events. We imagine that our more restrictive bound could arise from requiring that the leptoquark's destructive interference not reduce the event rate at √ŝ < ∼ TeV.
V. SUMMARY
The differential cross-section dσ/dŝ(pp → ℓ + ℓ − ) can almost be written as a partonic cross-section multiplied by an integral over parton distribution functions (see section III). When the partonic cross-section includes the exchange of a heavy new particle in the t-channel, such as a leptoquark, then, as shown in section II, it is better approximated by the "form factor" expansion inŝ/(ŝ+m 2 ), than by the usual local expansion inŝ/m 2 which gives contact interactions. If experimental limits were set on the coefficients of the form factor parametrisation given in eq. (2), these could be translated to any combination of contact interactions, or the exchange of an arbitrary leptoquark, by a simple analytic calculation.
